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ABSTRACT: On the orthosilicate join, Li4SiO4-Mn2SiO4, the new phase 
Li3Mn0.5SiO4 and a range of Li2+2xMn1-xSiO4 VROLG VROXWLRQVZLWKa[KDYH
been prepared and characterised. Li3Mn0.5SiO4 is orthorhombic, space group Pnma, 
with a = 10.722(3)Å, b = 6.239(2)Å, c = 5.052(3)Å. Combined analysis of X-ray and 
QHXWURQ SRZGHU GLIIUDFWLRQ GDWD VKRZ WKDW LWV VWUXFWXUH LV GHULYHG IURP WKH ȖII 
tetrahedral structural family typified by Li3PO4, but with additional Li+ in 
partially-occupied, distorted octahedral sites. These octahedral sites are linked by a 
combination of edge- and face-sharing, similar to that in the nickel arsenide structure 
and their partial occupancy is responsible for an Li+ ion conductivity of eg ~ 1x10-8 
Scm-1 at 60 oC, with activation energy 0.93(1) eV, which is many orders of magnitude 
higher than that of Li2MnSiO4.  
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Introduction 
Orthosilicates with the general formula Li2MSiO4 (M = Fe, Mn, Co) have been 
proposed as possible cathodes for lithium ion batteries due to their high theoretical 
capacity (333 mAh/g), based on the assumption that two Li+ ions can be 
(de)intercalated per formula unit during charge/discharge reactions1-5. Computational 
modelling showed that the theoretical voltages for the Mn2+/Mn3+ and Mn3+/Mn4+ 
redox steps are in the range from 4.1 to 4.5 V, which is favourable for high energy 
cathode materials, whilst those of Fe3+/Fe4+ and Co3+/Co4+, 4.8 to 5 V, are outside the 
voltage stability window of usual liquid electrolytes6.  
Li2MnSiO4 shows four main polymorphs, characterised by different distributions and 
orientations of LiO4, MnO4 and SiO4 tetrahedra. These polymorphs are orthorhombic, 
in space groups Pmn21 and Pmnb, and monoclinic, in space groups P21/n and Pn 7. 
Crystallographic studies are reviewed in the Supporting Information of reference 8, 
which also includes comments on possible inaccuracies in partial site occupancies in 
structural reports based on powder diffraction data. Information on the polymorphism, 
crystal structures and electrochemical performance of the Mn, Fe and Co analogues 
are highlighted in reference 9. The four polymorphs of Li2MnSiO4 are all related to 
WKHȕDQGȖIDPLOLHVRIVR-called tetrahedral structures based on Li3PO4 and are given 
a notation based on isostructural Li2ZnSiO4 phases 10,11, though there appear to be 
some inconsistencies in the literature over polymorph labelling. In these structures, Li, 
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Mn and Si cations are distributed over various tetrahedral sites within a distorted 
hexagonal close-packed, hcp, oxygen array. The key features of the four structures are 
illustrated in figure 1 8, 12-14. 
The Pmn21 and Pn polymorphs are structurally-UHODWHGWRȕ/L3PO4, in which all the 
tetrahedra point in the same direction. They may be described as cation-ordered 
wurtzite superstructures with different ordering arrangements and an hcp oxygen 
sublattice. In the Pmn21 IRUPLVRVWUXFWXUDOZLWKȕ/L3PO4 DQGJLYHQWKHQRWDWLRQȕII 
Li2MnSiO4, chains of LiO4 tetrahedra run parallel to the a-axis together with chains of 
alternating SiO4 and MnO4 tetrahedra. In the metastable Pn form, prepared by 
ion-exchange of Na2MnSiO4 at 300 oC 12, chains of alternating LiO4 and MnO4 
tetrahedra run parallel to chains of alternating SiO4 and MnO4 tetrahedra. Both of 
these structures have 3-dimensional frameworks built of corner-sharing tetrahedra in 
which each corner is shared between four tetrahedra. Within this framework, empty 
tetrahedral and octahedral sites are also present.  
The Pmnb and P21/n VWUXFWXUHVDUHUHODWHGWRȖ/L3PO4 and contain tetrahedra that 
SRLQWµXS¶DQGµGRZQ¶LQWZRRULHQWDWLRQV7KHHIIHFWRIWKLVLVWRFUHDWHSDLUVRI
edge-sharing tetrahedra which link through their corners to form a 3-dimensional 
framework. In the P21/n form, pairs of LiO4/MnO4 and LiO4/LiO4 tetrahedra share 
edges, whilst the Pmnb variant contains groups of three, LiO4±LiO4±MnO4, 
edge-sharing tetrahedra 9.  
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Li2MnSiO4 with the Pmn21 structure was prepared by Dominko et al. by a sol-gel 
method 1, whilst Politaev et al. reported the monoclinic P21/n polymorph prepared by 
solid state reaction in H2 at 950-1150 oC 13. A phase transition of Li2MnSiO4 from the 
ȕWRWKHȖSRO\PRUSKRccurs at around 750 oC 15. The electrochemical performance of 
Pmn21 Li2MnSiO4/C composites is reported to be much better than that of the P21/n 
phase and is attributed to differences in activation energies and hopping distances 16. 
Many studies have been reported with the objective of improving the electrochemical 
performance of Li2MnSiO4 as a potential cathode material for battery applications. It 
has a low electronic conductivity (about 10-16 S/cm at room temperature), but carbon 
coating 17, reduction in particle size 18 and doping 19 have all been used to enhance its 
physical and/or chemical properties, increase the conductivity and prolong cycle life.  
The crystal structure of low Li4SiO4 has a large monoclinic unit cell (a = 11.54Å, b 
= 6.09Å, c = 16.65Å, ȕ = 99.5o), with Li located in a number of crystallographically 
distinct sites that have coordination numbers of 4, 5 and 6 20. Much of the early work 
on Li4SiO4 and its solid solutions was based on a subcell (a = 5.14Å, b = 6.10Å, c = 
5.30Å, ȕ = 90.5o), since the superlattice peaks were too small to detect. On heating, 
Li4SiO4 undergoes a complex sequence of transitions over the temperature range 600 
to 750 oC 21. Structural information on the intermediate phases and the high 
temperature form above 750 oC is not available, although there are many similarities 
between their X-ray diffraction data, indicating a strong structural similarity.  
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In orthosilicate systems, tetrahedral-structure phases of general formula Li2MSiO4 
form with M=Zn, Mg, Co, Mn and Fe 10,11. The Zn and Mg systems also show 
extensive solid solution formation and composition-dependent polymorphism on the 
joins Li4SiO4-M2SiO4 21,22. A limited solid solution range was reported for M=Mn 13. 
In a more recent study 23, although non-stoichiometric compositions on the 
orthosilicate join were not studied directly, Rietveld refinement of XRD data of phase 
mixtures indicated the presence of an Li-rich composition with a structure derived 
from that of Li2MnSiO4. Analogous compositions in the germanate systems have been 
widely studied and Li-rich compositions with M=Zn have exceptionally high Li+ ion 
conductivity. Indeed, their discovery triggered interest in the so-called LISICON 
materials 24. One objective of the present work is to survey similar compositions on 
the orthosilicate join with M=Mn to seek possible new phases and measure their 
properties. Here we report the formation of new solid solutions based on Li4SiO4 and 
a new, Li-rich, ionically-conducting phase, Li3Mn0.5SiO4 ZLWKDȖ-related structure. 
Experimental 
Manganese(II) oxide (Sigma-Aldrich, 99%), lithium carbonate (Sigma-Aldrich, 
99%) and silica (Alfa Aesar, 99.5%) were dried at 180 oC and used as reagents. 
Samples with composition Li2+2xMn1-xSiO4 between Li4SiO4(L2S) and Mn2SiO4(M2S) 
were prepared in two stages (using the abbreviations such as L2S and M2S in which L, 
M and S refer to the oxides Li2O, MnO and SiO2, respectively). First, the 
end-members were prepared by reaction in Au boats at 800 oC for 12 h in air (L2S) 
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and in Pt boats at 1200 oC for 20 h in N2 (M2S). Second, mixtures of L2S and M2S in 
different ratios were reacted in Au boats at 800 oC in an atmosphere of 5% H2 in N2 
for 10 h. Small samples of each composition were subsequently heated in Pt 
envelopes at 1000 oC in N2 for 30 min and then quenched into liquid N2.  
A Stoe STADI P X-UD\GLIIUDFWRPHWHUZLWK0R.Į1 Ȝ cUDGLDWLRQDQGD
linear position sensitive detector (PSD) was used to collect powder X-ray diffraction 
(XRD) data for phase analysis and lattice parameter calculation; Mo radiation was 
used instead of Cu to avoid problems with background fluorescence. Patterns were 
recorded over the range 5 d 2ș(o) d 40, which covers a d-spacing range of 1.04 d d(Å) 
d 8.14 (although data were collected over a limited 2ș range only, large datasets were 
obtained because of the short wavelength of the Mo radiation). The neutron powder 
diffraction (NPD) measurements were performed using the GEM diffractometer at the 
ISIS Facility, Rutherford Appleton Laboratory, United Kingdom 25. Data were 
collected using the detector bank covering the scattering angles 79 d 2ș(o) d 106 
(chosen as it provides the most suitable d-spacing range and ǻd/d resolution) and over 
the time-of-flight range 3.0 d t(msec) d 19.5. The latter corresponds to a d-spacing 
range of 0.45 d d(Å) d 2.92; it is important to note that the NPD data retained good 
resolution at low d-spacings, which is essential to minimise correlations between 
thermal vibration parameters and fractional site occupancies. The powdered sample 
was encapsulated in a cylindrical, 11 mm diameter, vanadium can and measured for 
approximately 2 h. Rietveld refinement of the XRD and NPD data used the EXPGUI 
interface of the GSAS suite of programs 26. 
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For electrical property measurements, pellets of Li2+2xMn1-xSiO4 were sintered at 
800 to 1000 oC for 4 h in an H2/N2 atmosphere. Electrodes of either sputtered Au or 
Au paste were fabricated on opposite pellet faces. Pellets with electrodes attached 
were placed in an in-house built conductivity jig inside a horizontal tube furnace and 
measurements recorded in N2. Impedance data were collected using a Solartron 1260 
with a voltage of 100 mV ac and a sweep frequency range from 10-2 to 106 Hz.  
Results and Discussion 
Compound and solid solution formation 
Results are presented using the general formula Li2+2xMn1-xSiO4. Composition x = 0, 
Li2MnSiO4 (LMS) is already well-established in the literature, as are the end-member 
phases, x = 1 (L2S) and x = -1, (M2S). XRD results for samples heated at 800 oC, 
followed by programmed cool at 5 oC/min are shown in figure 2 and for samples 
quenched from 1000 oC in figure 3. From these results, several new, single phase 
compositions were established and are summarized in table 1.  
At the composition x = 0.5, a new phase, Li3Mn0.5SiO4 (L3MS2) was prepared. XRD 
data for L3MS2 were successfully indexed using an orthorhombic unit cell of 
dimensions a = 10.722(3) Å, b = 6.239(2) Å and c = 5.052(3)Å, whose systematic 
absence conditions on reflections were consistent with space group Pnma (see table 
2). These assignments indicate a VWURQJVLPLODULW\WRWKHȖWHWUDKHGUDOVWUXFWXUHVVXFK
as Li3PO4 and the LISICON solid solutions. However, unlike the Zn-based LISICON 
solid solutions that have been reported 21,27 and which have variable composition, 
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L3MS2 appears to be either a line phase or a phase of limited compositional extent 
since samples of x=0.4 and 0.6 both contained significant amounts of second phases 
in addition to L3MS2 as the main phase. L3MS2 was prepared in N2 to control the 
oxidation state of Mn as 2+ and is stable to at least 1000 oC. On heating in air, 
however, its colour changed from dark grey to orange and extra lines appeared in the 
powder XRD pattern; these were not characterized further. Oxidation appeared to 
have occurred, therefore, but could be reversed by reheating samples in N2/H2 at 800 
oC. 
L2S IRUPVDQH[WHQVLYHUDQJHRIVROLGVROXWLRQRYHUWKHUDQJH[!ZLWKWZR
polymorphic forms. The high temperature form observed within the samples 
quenched from 1000 oC, figure 3, has a very similar powder XRD pattern to 
stoichiometric L2S. Data for x = 0.7 are listed in table 3 and were indexed on a similar 
monoclinic subcell to that reported earlier for L2S, as referred to above. The variation 
with composition of the lattice parameters of the solid solution (referred to as L2S ss) 
quenched from 1000 oC is shown in figure 4, showing that the unit cell volume 
decreases with increasing x whilst the b lattice parameter increases. Although the 
number of data points is small, the solid solution limit at 1000 oC is estimated to be 
0.76(2), consistent with the phase analysis results reported in table 1. We have not 
made any attempt to determine whether the solid solution limits of any of the phases 
show significant temperature-dependence, other than noting the observation that the 
compositional limits of single phase samples that were either slow-cooled from 800 
oC or quenched from 1000 oC, were similar. 
                                                                                        ? 
 
As shown in figure 2, the low temperature form of L2S ss has extra XRD lines and 
appears to be a superstructure derived from L2S. The intensities of the extra lines 
increase with decreasing x and, again, the solid solution limit is approximately x = 
0.75. Further characterization of low L2S ss has not been carried out, but we note the 
similarity of the XRD data and the extra lines to data obtained for analogous Zn-based 
L2S solid solutions 21. 
Two forms of LMS ZHUHHQFRXQWHUHGWKHȕIRUPVSDFHJURXSPmn21) in the sample 
slow-cooled from 800 o&DQGWKHȖIRUPVSDFHJURXSP21/n) quenched from 1000 oC. 
In Li-rich compositions, the polymorph obtained appeared to change and the Pmnb 
YDULDQWZDVREVHUYHGLQDVORZFRROHGVDPSOHRI[ 7KHȖIRUPDSSHDUVWRIRUP
little or no solid solution with varying x (see table 1), since phase mixtures were 
observed in samples quenched from 1000 oC. From the literature on LMS and its 
polymorphism 13, it has been reported that a solid solution forms over the range 
0.2>x>-0.2. 
Rietveld refinement of the XRD and NPD data for Li3Mn0.5SiO4 
The unit cell dimensions and space group of L3MS2 determined from the XRD data 
(table 2) strongly suggest that its structure is LISICON-related. As a consequence, the 
starting model chosen for refinement of the XRD and NPD data was based on that of 
ȚLi3PO4, with the positional coordinates for the Si and O taken from those reported 
for Ge and O, respectively, in Li3Zn0.5GeO4 28. With the initial assumption that the Li 
and Mn occupy tetrahedrally co-ordinated sites within the anion sublattice, there are a 
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total of 32 such positions within the unit cell, generated by 6 symmetry-independent 
sites: 4 sets of 4-fold sites at x,1/4,z, etc. (one of which is occupied by Si) and 2 sets of 
8-fold general positions at x,y,z, etc. To determine the distribution of the Li and Mn 
cations over the available tetrahedral sites, preliminary refinements were performed 
using the NPD and XRD data separately. In the former case, the relative coherent 
neutron scattering lengths of the atomic species 29 provided a good sensitivity to the 
locations of the Li/Mn cations, but did not distinguish between these two species well. 
In the latter case, the XRD method was highly complementary and significantly more 
sensitive to the location of Mn than of Li. 
The process described above provided a starting model in which the Li and Mn 
appeared to be disordered over two tetrahedral sites, one 8-fold position labelled 
Li1/Mn1 and a 4-fold position labelled Li2/Mn2. Simultaneous refinement of both 
XRD and NPD datasets was then used, with the two backgrounds (coefficients of a 
10th order shifted Chebyschev polynomial), two scale factors, the lattice parameters 
and two sets of peak shape parameters refined in sequence. This was followed by 
allowing the positional parameters and then the isotropic thermal vibration parameters 
to vary, which resulted in reasonable agreement between the measured and calculated 
diffraction patterns for both radiations. Finally, the two ratios of Li and Mn on the two 
tetrahedral positions were varied, subject to the constraint that both sites remained 
fully occupied. At this stage, the quality-of-ILWSDUDPHWHUȤ2, had a value of 5.01 and 
the chemical formula corresponded to Li2.57(9)Mn0.43(5)SiO4.  
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To identify any additional lattice sites that might contain Li and/or Mn, a Fourier 
difference map was constructed using the NPD data. Significant scattering was 
observed at two 4-fold sites, with fractional co-ordinates around 0.21,1/4,-0.05, etc. 
and 1/2,0,0, etc. These are essentially octahedrally co-ordinated positions, though the 
former is somewhat displaced from the centre of the octahedron. Trial refinements of 
partial occupancies of these new sites using the XRD data alone, and with all other 
parameters fixed, indicated that both these sites were partially occupied by Li at the 
level of around 0.2. This was subsequently confirmed by simultaneous refinement of 
the XRD and NPD data, with the two new sites labelled Li3 and Li4, respectively. 
Final fits varying all parameters, including the positional, isotropic thermal vibration 
and occupancy parameters of the Li3 and Li4 sites, gave an excellent fit to both 
diffraction datasets, with the experimental, calculated and difference profiles shown in 
figure 5, the values given in table 4 and a goodness-of-ILWȤ2=4.68. Derived bond 
lengths are summarised in table 5 and bond angles for the cation-centred polyhedra 
are given in table 6. The composition obtained from these refinements, 
Li2.86(0.09)Mn0.46(0.03)SiO4, is within two estimated standard deviations of the expected 
composition of L3MS2.  
Crystal structure of Li3Mn0.5SiO4 
The crystal structure of L3MS2 is related to that of other Li-rich LISICONs and can 
EHUHJDUGHGDVDQRUWKRUKRPELFȖII derivative structure. The arrangement of the anion 
sublattice is close to hcp, with a shift of the O2 oxide ions by ~0.5Å broadly along the 
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c-axis and displacements of the O1 and O3 ions away from their ideal positions by 
~0.3Å principally within the ab plane. The positional parameters for the 
corresponding hcp-based structure are included in table 4.  
The distortions of the hcp anion sublattice result in one of the 4-fold sets of 
tetrahedra becoming slightly smaller, and these are occupied by the Si cations (see 
table 5). The remaining tetrahedra also become distorted, as shown in figures 6(a) and 
6(b). The arrangement of the tetrahedra occupied by Li1/Mn1, Li2/Mn2 and Si is 
shown in figure 5, with their bases forming the cp oxide layers perpendicular to c, but 
with a mixtuUHRIWZRRULHQWDWLRQVSRLQWLQJHLWKHUµXS¶DQGµGRZQ¶WKHc-axis, T+ and 
T- (see figure 7(a7KLVFRUUHVSRQGVWRWKHSRO\KHGUDODUUDQJHPHQWRIDȖWHWUDKHGUDO
VWUXFWXUHVXFKDVȖ-Li3PO4. The SiO4 tetrahedra share only their corners with 
(Li/Mn)O4 tetrahedra, whereas edge-sharing occurs between the (Li/Mn)O4 
tetrahedra. 
A projection of the structure down the [001] axis is shown in figure 7(b), with half 
the unit cell contents in the c direction of several unit cells shown. Two adjacent 
distorted hcp oxide layers are shown as black and red spheres. Between the oxide 
layers, tetrahedral sites in both T+ and T- orientations can be seen but, overall, only 
half the available tetrahedral sites, both T+ and T-, are occupied, in an ordered fashion. 
There are different ways to view the ordering; for instance, as rows of corner-sharing 
tetrahedral sites, either T+ or T-, which run parallel to [110], such that adjacent rows 
alternate between having sequences of three occupied - one empty sites and three 
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empty ± one occupied sites. Alternatively, parallel to [010], there are infinite double 
chains of edge-sharing (Li/Mn)O4 tetrahedra in which all T+ and T- sites are occupied.  
Thus far, the structure of L3MS2 LVYHU\VLPLODUWRWKDWRIȖ/L3PO4 and the Pmnb- 
structured polymorph of Li2MnSiO4. However, additional Li3 and Li4 occupy 
partially some distorted octahedral sites, shown as blue and yellow spheres in figure 
ZKLFKDUHHPSW\LQȖ-Li3PO4. The octahedral sites in the hcp array have the same 
distribution as the octahedral sites in the NiAs structure, where adjacent sites share 
faces in the c direction and edges in the ab plane. In L3MS2, only half the octahedral 
are occupied, partially, but in an ordered way by Li+. The combined occupancy of the 
octahedral sites is, however, only a small fraction, around 8%, of all the available 
octahedral sites. 
The only other structural report of a Li-rich LISICON phase is for compositions, 
Li2+2xZn1-xGeO4 28. For the specific composition x = 0.5, the Li1/Zn1 site is, similarly, 
fully occupied by a mixture of Li and Zn. The Li2/Zn2 site distribution is more 
complex, however, and full occupancy is achieved by partial occupancy of an 
additional, face-sharing Li2a site. The grossly-distorted Li3 octahedral site is partially 
occupied by Li in both structures but with rather different z coordinates. A major 
difference from the present structure is that Li2+2xZn1-xGeO4 forms a very extensive 
solid solution over the range -0.36<x<0.87 27 and, therefore, a continuous variation of 
some site occupancies with composition is expected. Partial occupancies of the Li4 
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sites were reported in Li3.5Zn0.25GeO4, as well as in L3MS2, but this site appears to be 
empty in the analogous Zn composition, Li3Zn0.5GeO4.  
Electrical property measurements 
Impedance data of a sintered pellet of L3MS2 are shown in figure 8 and indicate two 
main components in the impedance Z* response, see figure 8(a). The high frequency 
arc is attributed to the sample bulk, as shown by overlapping peaks at high frequency 
in WKHFRPELQHG0¶¶=¶¶VSHFWUDILJXUHd)). The low frequency inclined spike is 
attributed to a capacitive impedance at the sample-electrode interface, as shown by 
capacitance data in figure 8(b), which reach values as high as 30 µFcm-1 at 0.01 Hz 
and 164 oC; this indicates that conduction is predominantly ionic. From the low 
IUHTXHQF\LQWHUFHSWRIWKHLPSHGDQFHDUFRQWKH=¶D[LVYDOXHVRIWKHVDPSOH
resistance were obtained and are shown in Arrhenius format in figure 9(a). The data 
may show slight curvature, but to a first approximation, are essentially linear with an 
activation energy of 0.93(1) eV. The conductivity of L3MS2 is attributed to Li+ ions, 
therefore, and is many orders of magnitude higher than that of LMS (space group 
Pmn21), shown also in figure 9(b). Depending on temperature, the conductivity of 
L3MS2 is also 1-2 orders of magnitude higher than that of L2S. Impedance data of LMS 
(not shown), contained no evidence of a low frequency, high capacitance electrode 
spike and its very low conductivity is, therefore, probably electronic in origin. 
The Li+ ion conductivity of L3MS2 appears to be related directly to the 
partially-occupied octahedral sites since, in the Pmnb polymorph of LMS, the 
                                                                                        ? ? 
 
octahedral sites are empty and the phase is an electrical insulator, both ionic and 
electronic. Only ~8% of the octahedral sites are effectively occupied in L3MS2, but 
this is made up of partial occupancy of half of all of the available octahedral sites. The 
structure therefore has a NiAs-like network of face- and edge-sharing octahedral sites 
whose partial occupancy and ready site exchange accounts for the high level of Li+ 
ion conductivity.   
Impedance data of high L2S ss (not shown) were similar in general appearance to 
those of L3MS2; a low frequency inclined spike with capacitance values at low 
frequency of >1 µFcm-1 indicated that these materials are also ionic conductors and 
therefore that Li+ ions are the likely charge carrier. Arrhenius plots of L2S and the 
high and low forms of L2S ss with x = 0.75, are shown in figure 9(b). The 
conductivity of the high form of L2S ss is slightly higher than that of L2S and 
approximately one order of magnitude higher than that of low L2S ss. The 
superstructure XRD peaks observed in low L2S ss are probably a consequence of 
ordering within the crystal structure and trapping of some of the mobile Li+ ions and is 
responsible for the reduction in conductivity.  
Conclusions 
Li3Mn0.5SiO4 was readily prepared by solid state reaction in an inert atmosphere to 
prevent oxidation of Mn2+. Li3Mn0.5SiO4 LVDQHZPHPEHURIWKHIDPLO\RIȖ
tetrahedral structures. It has a distorted hcp oxide array with half of both T+ and T- 
tetrahedral sites occupied by either Si or a disordered mixture of Li and Mn; in this 
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sense, tKHVWUXFWXUHLVVLPLODUWRWKDWRIȖ/L3PO4 and the Pmnb polymorph of 
Li2MnSiO4. In addition, however, 1/2 of the octahedral sites are occupied partially by 
Li+ to give, unusually, a stoichiometric phase that has a great deal of cation disorder. 
The octahedral sites link by either face-sharing or edge-sharing and this provides a 
3D conduction pathway for the mobile Li+ ions. Impedance data recorded at low 
frequencies show capacitance values as high as 30 µFcm-1, which is a very strong 
indicator that conduction is ionic and leads to a blocking double layer capacitance at 
the sample-electrode interfaces. The defect and disordered nature of the crystal 
structure, with partial occupancy of Li+ ions on the octahedral sites, confirms that the 
ionically-conducting species are, indeed, Li+ ions. There was no evidence of any 
residual electronic conductivity since, if present, this would have caused a collapse of 
the low frequency impedance spike due to the presence of an alternative electronic 
pathway in parallel with the blocking double layer capacitance. This is also consistent 
with the expectation that the charge state on Mn in Li3Mn0.5SiO4, that was prepared at 
high temperatures in an inert atmosphere, was exclusively Mn2+. 
The activation energy for Li+ conduction in Li3Mn0.5SiO4 is 0.93 eV, which is 
significantly higher than that of the very best Li+ ion conductors,ࡱ 0.3-0.4 eV, and 
indeed, is higher than that of undoped Li4SiO4, Fig 9(a), although this has a lower 
overall conductivity. The activation energy for conduction in Li3Mn0.5SiO4 appears to 
contain a significant carrier creation component as shown by the value of ࡱ105 for the 
pre-exponential factor, A, in the Arrhenius equation ı = A exp (-E/kT) that was used 
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to fit the conductivity data. For ionic conductors without a carrier creation component 
in the activation energy, an A value in the range 10-100 is more usual. This means, 
therefore, that the defect structure of Li3Mn0.5SiO4 is temperature-dependent and 
additional mobile carriers are created with increasing temperature. A corollary to this 
observation is that the dynamic disorder in Li3Mn0.5SiO4 increases with temperature 
and therefore, if this state could be preserved to lower temperatures by some means, 
then significantly higher ionic conductivities may be possible.    
There are considerable similarities, and differences, in the existence of phases and 
solid solutions between the related orthosilicate systems with M=Zn and Mg and the 
Mn-based system studied here. A similar Li3Mn0.5SiO4 line phase does not exist in the 
0JV\VWHPEXWLVSUHVHQWVLPSO\DVRQHFRPSRVLWLRQLQDZLGHUDQJHRIȖII solid 
solutions in the Zn silicate and germanate systems. A range of M2+ solid solutions 
based on the Li4SiO4 end-member forms in the Mn system and is commonly found 
with other divalent M2+ dopants. These are also Li+ ion conductors, but not as good as 
the non-VWRLFKLRPHWULFȖPDWHULDOVVXFKDVL3MS2 and LISICON materials. A recent 
report of an Li-rich, Fe-containing solid solution is given in 30 
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